To develop a rapid and accurate method of typing large numbers of clinical isolates of CZostridium dz$ciZe, four regions of the rRNA operon [A, 15-1407 and B, 907-1407 (16s-16s); C, 1392-507 and D, 907-507 (16S-23S)I were enzymically amplified from 24 strains. When region A was hybridized to HindIII-digested genomic DNA isolated from C. dz$ciZe strains, all of the variable length restriction fragments hybridized. When region B was hybridized to HindIII-digested genomic DNA isolated from C. dificife strains, a set of variable length restriction fragments (Group 11) hybridized predominantly. When region C was separated by agarose gel electrophoresis, a series of products ranging in size from approximately 800-1300 bp was obtained. When regions C and D were digested with HindIII, a constant region of 430 bp was found in both products and in all strains. From the above experiments it was concluded that the variable length Group I1 restriction fragments and the variable length region C amplification products were due to variable length 16S-23S spacer regions between alleles of the one strain. When region C amplification products were separated by denaturing PAGE, 16 variable length rRNA alleles (rrnA-P) were demonstrated from 24 C. dz$ciZe strains ranging in size from 852-1210 bp. After analysis with maximum parsimony, the 24 strains were divided into 14 ribotypes. The product C ribotypes and band sizes were stable after 14 single colony passages on horse blood agar plates and stable in vivo, since ribotype G was isolated twice from one patient and ribotype E was isolated three times from another patient (all on separate occasions). The ribotyping method described here has clear advantages over existing C. dificile typing methods; it has universal applicability, it is objective and is moderately rapid.
Introduction
Clostridium dzficile is closely associated with pseudomembranous colitis and antibiotic-associated diarrhoea in man (Bartlett et al., 1978; George et al., 1978) . Nosocomial colonization and disease caused by C. dzficile has been demonstrated (Johnson et al., 1990; McFarland et al., 1989) . A method which is sufficiently stable and analyses large numbers of isolates quickly and accurately would be invaluable for clinical epidemiological studies of C. dzficile.
The methods which have been used to type C. dzficile include toxin detection (Wust et al., 1982) , isolation of plasmids (Clabots et al., 1988a, b ; Mulligan et al., 1988; Wust et al., 1982) , a bacteriophage/bacteriocin typing system (Sell et al., 1983) , antibiotic susceptibility testing (Delmee & Avesani, 1988) , SDS-PAGE (Tabaqchali et al., 1984) , immunoblotting (Heard et al., 1986) , restriction endonuclease analysis (Wren & Tabaqchali, 1987) and Southern hybridization of the ribosomal RNA operon (Bowman et al., 1991) . Molecular genetic methods are more discriminating than the above methods.
The rRNA operon is present in varying copy number in all bacteria with some regions highly conserved and others highly variable (Neefs et al., 1990) . Consequently, when genomic DNA digested with a restriction enzyme is hybridized to rRNA operons, several bands are detected (Garnier et al., 1991) . The Southern hybridization of rRNA operons (ribotyping) to detect restriction fragment length polymorphisms (RFLPs) between strains has been reported in many bacterial species including Salmonella typhi strains (Altwegg et al., 1989) , E. coli strains (LiPuma et a/., 1989) , Xanthomonas maltophilia (Bingen et al., 199 I) , Legionella pneumophila strains (Harrison et al., 1992) , and Staphylococcus spp. and subspp. (DeBuyser et al., 1992) . However, Southern hybridization is slow and labour intensive.
The rRNA operon has a very high genetic stability and the length of the 16s rRNA gene is constant in all eubacteria (Neefs et al., 1990) . The numerous bands 0001-8482 0 1993 SGM 1990 I990 1990 1991 1990 1990 1991 1991 1991 1991 1991 1990 1990 1990 1990 1993 1993. 1982 1987 Heidelberg The products amplified cover the regions shown where S = 16s rRNA gene and L = 23s rRNA gene. The sense of the primers used is shown by R = reverse, F = forward and * = identical region with R139 1 being the complement of R1391 F.
The positions of all the primers are in regions which are highly conserved in eubacteria (Neefs et al., 1990; Guttell & Fox, 1988) . The nucleotide numbering system is that of the E. coli operon (Brosius et al., 1978) . The positions of each product are schematically represented in Fig. 1 detected with ribotyping of C. dzficile correspond to different rDNA alleles with variation in the regions flanking the 16s rRNA gene (Gurtler et al., 1991) . The PCR-analysis of the 16s rRNA gene has been used to demonstrate species-specific differences (Gurtler et al., 199 1) and strain differences (Vaneechoutte et al., 1992) in various bacterial species. Allelic species-specific differences within the 16s rRNA gene have been demonstrated in clostridia (Gurtler et al., 1991) . The rRNA alleles of E. coli (Brosius et al., 1981) and B. subtilis (Loughney et al., 1982) have been shown to have variable length 16s-23s rRNA spacer regions. In this report evidence is provided to show that allelic differences seen in ribotyping of strains of C. dzficile is explained by rDNA spacer region typing of C. dijicile strains 3091
Methods
Bacterial strains. The bacterial strains used are listed in Table 1 . (Table 2) , the shaded bar denotes the 16s rRNA gene, the solid bar denotes the 23s rRNA gene, and the line joining the 16s and 23s genes depicts the spacer regions. The Hind111 site is at position 975 of the 16s rRNA gene (Gurtler et al., 1991) .
variable length 16S-23s rRNA spacer regions. A method is described which uses PCR to amplify the 16s-23s spacer region and demonstrate differences between C. dificile strains. The potential of this method in clinical epidemiology of C. dzjicile is discussed.
Cultivation. The identity of all strains was determined by biochemical tests (Cato et af., 1986) and confirmed by GLC (Sutter et al., 1985) . Purified stocks were stored in cooked-meat broth at room temperature or in glycerol broth at -20 "C. All strains were grown in brain heart infusion broth (BHI, Gibco). The stability of ribotype patterns was tested by passaging single colonies from horse blood agar plates every 2-3 d over a 5 week period. Toxin B production by C. dificile strains was detected by the method of Boondeekhun et af. (1993) . D N A isolation. Genomic and plasmid DNA was isolated from all clostridia by the protocol of Gurtler et al. (1991) .
D N A anzpl$cation. For DNA amplifications, the protocol of Gurtler et al. (1991) was followed with some modifications. The reaction volume and the amount of DNA were halved and 1-25 units Taq polymerase (Boehringer) was used. The regions that were amplified and their corresponding primers are shown in Table 2 .
Restriction enzyme analjJsis. Purified PCR products R907-LR507 and R1391-LR507 were digested singly or doubly with 10-15 units HindIII and CfoI, as instructed by the manufacturer (Boehringer). Genomic DNA was digested with 30 units HindIII. The digested and undigested PCR products were resolved on 2 ' / o (w/v) low-gellingtemperature plus 2 YO (w/v) ' AR' agarose gels. The HindIII-digested genomic DNA was resolved on 1 Yo (w/v) 'AR' agarose gels.
Southern hybridization. For hybridizations, the protocol of Gurtler et al. (1991) was followed with one exception. The PCR products A and B (Table 2) were amplified from C. di 'ci l e 630 and labelled with digoxigenin. Fig. 2 . Hybridization of PCR product B to Group I1 bands in genomic DNA isolated from C. drfJicile and C. bifirmentans strains. Lanes: 1-10, C. djficile strains H13, H15, H16, H17, H18, H19, H20, H23, 9689 and 9689, respectively; 11-13, C. bijermentans strains AM312, AM360, and AM818, respectively; 14, pBR328 DNA digested with BglI and Hinfl, labelled with photodigoxigenin. Y indicates the position of an extra band visible in C. bferrnentans products. V. Giirtler Denaturing PAGE. The above amplification protocol was followed with some modifications. The reaction volume was decreased by a factor of two and 2 pCi [ u -~~P I~A T P (DuPont or Amersham) was added. The reduction of the cold dNTP's by a factor of four increased the yield of labelled product. Radiolabelled DNA fragments were separated on a 0.4 mm thick, 38 cm wide and 50 cm high (Bio-Rad), 3.5 % (w/v) polyacrylamide gel containing 7 M-urea (Sambrook et al., 1989) . Gels were dried in a vacuum slab gel drier (Bio-Rad) for 2 h at 80 "C. Autoradiography was for 18-96 h.
Data analysis. The presence or absence of PCR product C bands was analysed by the following methods. (1) The presence or absence of bands (corresponding to region R139 1-LR507) on autoradiograms was analysed by using the program BioImage (Millipore). The average sizes of the 16 alleles (rrnA-P) were calculated from five separate gels ranging from 1-5 1 determinations for the respective alleles. Using these sizes as internal standards, molecular masses were assigned to respective bands from strains 630, 9689, H14, H15 or H23. Twenty-four strains from four gels were then compared at once. Presence or absence of bands was scored by a 1 or 0, respectively. (2) The resulting data matrix prepared from four gels was analysed by maximum parsimony (Swofford, 1985) .
Results
The DNA typing approaches used are shown in Fig. 1 and Table 2 . Products A and B were hybridized to HindIII-digested genomic DNA isolated from C. dzficile and C. bifermentans strains. Differences in HindIII sites on both flanking sides of the 16s rRNA gene were sought within and between strains. Products C and D were amplified from C. dificile strains in an attempt to find differences in the length of the 16s-23s spacer region within and between strains.
The bands detected by Southern hybridization (ribotyping) have been divided into Groups I and 11, showing numerous Group I1 differences between strains and fewer Group I differences. Ribotyping of 2 1 isolates of C. dificile from the Heidelberg Repatriation Hospital and one from St Vincent's Hospital, Melbourne, Australia, produced 14 restriction fragment length polymorphism (RFLP) types, 10 of which are shown in Fig. 3 . There were 10 group I bands (Fig. 3) demonstrating 10 rRNA alleles in C. dzficile.
Products A and B are comprised only of parts of the 16s rRNA gene (Table 2) . It has been shown previously that the 16s rRNA gene is of constant length between alleles and strains of C. dzficile (Gurtler et al., 1991) . When PCR product B was hybridized to C. dzficile genomic DNA, Group I1 bands hybridized predominantly (Fig. 2) (1/10 of product B). When product B was hybridized to C. blfermentans genomic DNA digested with HindIII ( Fig. 2) no Group I bands hybridized and an extra band appeared (Y) due to an extra HindIII site at position 675 of the 16s rRNA gene (Gurtler et al., 1991) . When PCR product A was used as a probe (Fig. 3) , the Group I and I1 bands hybridized with equal intensity. The orientation of the Group I and I1 bands is as shown in Fig. 4 because (1) product B hybridized predominantly to Group I1 bands and (2) the HindIII site lies 62 bp downstream from the 5' end of product B (Gurtler et al., 1991) . From Figs 2, 3 and 4 it can be seen that the Group I1 bands are comprised of the spacer region and part of the 23s rRNA gene. These Group I1 bands were of variable length which could be explained by (1) a variable HindIII site or (2) an insertion within the spacer or the beginning of the 23s rRNA gene. To determine which possibility was correct, PCR products C and D were amplified, both of which include the spacer regions (Table 2 ). When the product C primer combinations were used (Table 2) , several bands (V,) of varying molecular masses were obtained from each C. dificile strain (Fig. 5) . The presence of bands varied from strain to strain. When V, bands were digested with HindIII, a band appeared at V. Giirtler Table 3 . Variable 16s-23s rRNA spacer regions in C. difficile strains PCR product C was amplified from various C. diflcile strains and separated by denaturing PAGE (Fig. 6) . The presence of variable length alleles (rrnA-P) is shown. The size of each allele is shown in Fig. 6 (1991) . The variable length regions were collated (using BioImage software) from 430 bp (C,) which was of higher intensity than the digested variable length bands, V,. Band C, appeared in all the strains listed in Table 1 (not shown). When the product D primer combination was used, the same HindIII band ( c d ) was present (not shown) demonstrating that this band contains the 23s rRNA gene from position 80-507 (Table 3 ). The demonstration of band c d shows that this region is of constant length between alleles. Taken with the Southern hybridization data (Figs 2 and 3) these results show that the variable length regions lie between the 16s and 23s rRNA genes. The exact base pair location of the spacer regions may only be determined when the separate alleles have been sequenced. The resolution of the variable length bands was low (Fig. 5 ) and so it was decided to increase the resolution with long denaturing polyacrylamide gels. When this was separated into between 5 and 9 bands per strain, with the presence of bands variable between strains (Fig. 6) . Each band was assigned as an allele resulting in a total of 16 alleles (A-P) of variable length (Fig. 6) . The constant length regions within the 16s and 23s genes were partially characterized (Table 3 ). The variability in length was due to variable length 16s-23s spacer regions between alleles.
When all of the C. dificile strains listed in Table 1 were analysed, 24 strains were divided into 14 ribotypes (Table  3) . A dendrogram is shown in Fig. 7 showing 3 clusters  (a, b, c) found in all trees analysed. Within ribotype G, 2 isolates were cultured from one patient at different times; within ribotype E, 3 isolates were cultured from one patient at different times. All other isolates which had identical patterns (ribotypes D, E, F, G and H) were from different patients. done, the same amplification products (V,,; Fig. 5 ) The stability of band V, sizes and patterns was rDNA spacer region typing of C. dificile strains 3095 similar calculated molecular masses ( Fig. 6 and Table 4 ). The results show that both the band sizes and patterns were highly reproducible in five C. dificile strains. The band sizes and patterns of strains H23 and 630 were reproducibly identical.
Discussion

C. bijermentans
The main finding of the present study was that the presence or absence of specific variable length rDNA spacer regions varied between C. dificile strains. The patterns obtained were stable within strains upon repeated testing (with passaging in vitro and in uiuo), allowed the designation of strains to specific types, discriminated within and between species, and allowed for the easy testing of large numbers of strains. With Using maximum parsimony, 50 equally parsimonious trees were found, one of which is shown. The same ribotypes were found in each of the circled branches ( N , h, c.) for all 50 trees. The root of the tree (C. hifernientans) had no bands in common with any of the ribotypes.
these criteria met, the novel molecular typing method described here may be applied to epidemiological studies of C. dlficile.
Since 500 bp of the 5' end of the 23s gene was amplified, it was possible that the observed heterogeneity of PCR products was due to an insertion within the first investigated in detail by passaging five strains over a 5 500 bp of the 23s gene. In support of this possibility are week period (Table 4) . The alleles were scored as positive the following studies : (1) at least one extra cleavage site or negative by appearing visually identical and by having has been reported in the large rRNA subunit of Leptospira interrogans (Hsu et al., 1990) and Salmonella spp. (Hsu et al., 1992) , producing several fragments smaller than 23s; and (2) a 90 bp intervening sequence has been shown to be excised during large subunit rRNA maturation (Burgin et al., 1990) . The results presented in this report show that in C. dzficile, 430 bp 3' from position 507 of the 23s rRNA gene was of constant length and the 16s-23s spacer DNA was of variable length between alleles. The 16s-23s spacer regions of B. subtilis (Vold, 1985) and E. coli (Fournier & Ozeki, 1985) contain tRNA genes which vary in length from 75-90 bp. Of the 7 rrn operons in E. coli all contain from 1-3 tRNA genes (Brosius et al., 1981) , while in B. subtilis, of the 10 rrn operons, two out of the three analysed sets have been shown to contain tRNA genes (Loughney et al., 1982) . It is possible that the 16s-23s spacer regions in C. dztjcicile characterized herein may contain tRNA genes.
Of the numerous typing methods which have been used in the epidemiology of C. dztjcicile all have some disadvantages. The separation of [''Slmethioninelabelled proteins by PAGE (Tabaqchali et al., 1984) has divided 245 strains of C. dztjcicile into 15 distinct types (Tabaqchali, 1990) . The current method has the potential to separate strains into more types with 24 strains divided into 14 types. The bacteriophage/bacteriocin typing scheme of Sell et al. (1983) has been used to type 114 C. dzficile isolates producing 31 typing patterns (Mahony et al., 1991) , however, only 1 6 4 0 % were typeable. The detection of plasmids has been used to type C. dztjcicile isolates ; however, the percentages of isolates which have plasmids varies from 18% (Muldrow et al., 1982) to 59% (Mahony et nl., 1991) . The present study found that three strains were not plasmid-typeable since no plasmids were detected (Table 1 ). The detection of cytotoxin (Wust et al., 1982) is of limited value since only positive or negative production is measured ; the present study also demonstrates this drawback. The large number of bands obtained with Hind111 restriction endonuclease analysis of total DNA (Wren & Tabaqchali, 1987 ) makes this method difficult to interpret. Finally, Southern hybridization of rRNA genes (Bowman et al., 1991;  and this study) lacks resolution and is time consuming.
The present study has demonstrated a typing approach for C. dzfieile based on variable length 16s-235 rRNA spacer regions. The variability of the spacer regions between strains makes this method potentially useful in epidemiological studies. It does not have any of the disadvantages of the above methods making it the most promising method available.
